Tetracyclines (TCs), including tetracycline (TTC), oxytetracycline (OTC), and chlorotetracycline (CTC), are frequently detected in natural waters, soils, and sediments, which raised great concerns about the proliferation of antibiotic resistant genes. This study investigated the degradation of TCs 
Introduction
Tetracyclines (TCs) are important antibiotics that are widely used in clinical treatment and livestock industry [1] . In China, the annual usage of TCs was about 9413 tons in 1999 [2] . The extensive use of TCs results in its occurrence in the environment via various routines including effluent discharge from wastewater treatment plants (WWTPs), agricultural runoff and disposal of unused drugs [3, 4] . The most commonly used TCs include tetracycline (TTC), oxytetracycline (OTC) and chlorotetracycline (CTC). The TCs molecules contain connected ring system (labeled as A to D from right to left) with multiple ionizable functional groups that are associated with three macroscopic acid dissociation constants (pK a ) (see Fig. 1 ).
(Fig. 1)
In natural environment, TCs can complex with natural organic matters (NOMs) and minerals, which strongly influence their environmental behavior [5, 6] . When absorbed on reactive minerals such as manganese oxide (δ-MnO 2 ) and aluminum oxide (γ-Al 2 O 3 ), TCs undergo oxidative transformation [7, 8] . Particularly, under oxic condition, complexation of TCs with Cu(II), Fe (II) and Fe(III) enhances the transformation of these antibiotics [9, 10] . Direct and indirect photolysis (e.g., photosensitized) are also important pathways for attenuation of TCs in aqueous environment [11, 12] . Natural water constituents, such as Ca 2+ , Mg 2+ or NO 3 
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Without heating, TTC was also stable in the presence of PS at pH 4.0, indicating ambient temperature (20 ± 1 o C) could not activate PS to oxidize TTC under acidic condition. However, at pH 7.0, approximately 20% of TTC was destructed in the presence of PS at ambient temperature.
This finding is somewhat unexpected and interesting. It was reported that quinone and phenoxide species could chemically active PS to produce SR [47, 48] . Since the structure of TTC contains these functional moieties at neutral pH (pK a1 = 3.3, pK a2 = 7.7, pK a3 = 9.7), it was likely that PS was activated by TTC itself. Such activation was expected to be pH-dependent. However, further studies are needed to confirm this hypothesis and decipher the underlying mechanisms.
On the other hand, thermo-activated PS can effectively destroy TTC, especially at neutral pH (Fig. S1 ). The SR produced by thermo-activated PS decomposition is highly reactive and prone to react with electron-rich compounds through electron-transfer mechanism [32] [33] [34] . The molecule of TTC contains electron-rich moieties (ERMs) such as dimethylamino, phenolic, and conjugated double-bonds; thus, these moieties are likely susceptible to the electrophilic attacks of SR [28] .
Temperature-and pH-dependent reaction kinetics
As expected, increasing the temperature markedly enhanced the degradation of TTC by thermo-activated PS oxidation ( Fig. 2A) (Table S3 , Supplementary data). It should be noted that higher temperature may also facilitate the reactions of radical-radical and radical-nontarget species, consequently lowering the removal efficiency of target pollutant [32] .
Previous studies have demonstrated that higher temperature decreased the reaction stoichiometric efficiency (RSE), which was defined as the number of pollutant degraded vs. the number of PS consumed over a specific time interval [32] .
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The temperature-dependence of k obs was further evaluated by Arrhenius equation (Eq. (2)).
Where A is the pre-exponential factor, E a is the apparent activation energy (kJ mol -1 ), R is the universal gas constant (8.314 J mol -1 K -1
), and T is the absolute temperature. Fig. 2B showed a linear relationship between ln(k obs ) and 1/T, and the slope value of the line was used to calculate the value of E a for TTC oxidation. The E a value was determined to be 70.48 ± 1.13 kJ mol
The value of E a of tetracycline oxidation by thermo-activated PS system was compared with other compounds previously reported [49] [50] [51] [52] [53] [54] [55] [56] (see Table 1 ). As seen, the E a of TTC was comparatively lower than those of other organic compounds previously reported (e.g., sulfamethoxazole and trimethoprim) [49, 50] . The discrepancy reflects the difference in molecular structures and the susceptibility of SR oxidation of these compounds. Results obtained here further supported the fact that TTC was more labile for SR oxidation due to its conjugated ring systems with higher electron density.
9
( Table 1) The degradation of TTC showed a pH dependency, and k obs increased markedly with increasing pH (Fig. 3) . Since TTC has three pK a , this result suggested that the deprotonated, non-dissociated TTC was more reactive for SR attack. Khad et al. investigated the ozonation of TTC and suggested that the protonated, dissociated form of TTC would decrease the electron densities on the C2-C3 double bond, the amide and the carbonyl groups at C1 via conjugation, thus, reducing the probability of ozone attack at these sites [26] . Our result also implied that the phenolate form of phenolic-diketone group and the unprotonated dimethylamino moiety were more reactive, most likely due to the higher electron densities of these moieties which favored the electrophilic attack of SR. Similar result has been reported by Liu et al. that the deprotonated form of OTC had a higher reactivity toward SR than those of protonated and zwitterionic forms of OTC [43] .
( Fig. 3) 
Intermediate products
UV-vis absorbance spectrum of TTC in aqueous solution shows two absorbance bands with one at 250-300 nm corresponding to the tricarbonyl-amide moiety and the other at 340-400 nm corresponding to the phenolic-diketone moiety [8, 9] . The UV-vis absorption spectrum of tetracycline solution changed over the time course of oxidation by thermo-activated PS process ( for phenol, acrylamide, crotonic acid, and methacrylic acid, respectively [34] .
Based on this information, we assumed that hydroxylation most likely occurred at C7 position of the phenolic ring. This hypothesis was in agreement with a recent study that the phenolic ring (D ring) of OTC was the preferential site for SR attack [43] . Jeong and co-workers proposed that HR The UV-vis absorption spectrum of TTC reaction solution showed a bathochromic shift of the absorbance at 340 -380 nm and the absorbance at ＞400 nm was significantly increased (Fig. S2, Supplementary data). These findings also provided further evidence for the formation of quinoid-type compound.
Dehydration of TTC resulted in the formation of AHTTC. Liu et al. proposed that the most likely reaction site for dehydration was C6 because of the tautomerization of C11-C12 keto-enol led to the formation of a stable second aromatic ring [43] . AHTTC has previously been identified as the major photoproduct of TTC [63] . It has been proposed that acidic condition favors the formation of AHTTC by dehydration of the hydrogen at C5a position and the hydroxyl group at C6 position [19] . Thus, it is unclear whether the formation of AHTTC is a result of SR attack or the acidified solution caused by PS decomposition. Nevertheless, the transformation products identified herein are consistent with a recent study in which hydroxylation, N-demethylation and dehydration have been observed during UV-activated persulfate oxidation of OTC [43] .
SR-based oxidation of TTC might produce ring-opening products with lower molecular weights. These compounds were, however, not observed in the present study. Previous studies have reported the cleavage of carboatomic and naphthol ring of TTC during photocatalytic degradation [25] . Further studies are needed to elucidate if these ring-opening products were generated in SR-AOPs as well.
Evolution patterns of intermediate products

LC-MS/MS analysis under single ion monitoring mode (SIM)
was used to study the evolution pattern of the intermediate products due to its high selectivity and sensitivity. However, only m/z 417, 217 and 459 could be detected, probably due to their low yield and/or further transformation. The evolution pattern showed in Fig. 6 revealed that these products were produced at the initial stage of the reaction and then further transferred as the reaction progressed. This result indicated that these intermediates were also susceptible to oxidation by SR and less likely to build up in the reaction solution. However, due to the lack of authentic standards, an accurate quantification of these products was impossible. The much higher intensity of m/z 459 in Fig. 6 possibly implied that Scheme B of Fig. 5 was an important degradation pathway.
( Fig. 6) 
Comparison with OTC and CTC
In order to investigate the effect of structural difference on TCs degradation, the reaction kinetic of TTC was compared with OTC and CTC (Fig. 7) . As seen, OTC was thermally unstable in the absence of PS, and approximately 40% of OTC was removed in 30 min. No further loss of OTC was observed as the reaction was preceded up to 240 min. OTC was degraded much more quickly than TTC in the presence of PS which may be ascribed to the presence of a hydroxyl group at C5 position. The additional hydroxyl group was known to make the molecule of OTC unique and was expected to enhance the electron density of the conjugated ring system, which favored the electrophilic attack of SR [19] . The higher reactivity of OTC observed was also likely resulted from the longer lifetime of the transient intermediates produced by SR attack [22] . Jeong et al. observed that the maximum absorbance of the transient spectra for TTC and OTC were 50
and 100 μs, respectively [22] . It is well-known that the longer lifetime the transient intermediate is, the higher possibility it is further transferred to products instead of back-transferred to parent 15 compounds. The higher reactivity of OTC was consistent with a recent study reporting rapid elimination of OTC by UV/PS process [43] .
( Fig. 7) For CTC, extremely fast degradation was observed with 30 μM CTC being completely removed in 30 min in the presence of PS (Fig. 7) . We assumed that the degradation of CTC should be slower than that of TTC due the electron withdrawing effect of the chlorine substituent at C7
position. However, the highly conjugated ring system may lower the substituent effect [19] .
Addition experiment also showed that CTC was quickly transferred at 50 o C in the absence of PS, probably due to thermolysis. Therefore, the fast degradation of CTC was expected to be a combined result of thermolysis and radical-based oxidation.
Degradation in artificial surface water
In order to investigate if the results obtained here could be extrapolated to environmentally relevant conditions, the degradation of TTC was performed in ASW. The composition of the ASW resembled those of hard fresh surface water [46] . Surprisingly, the degradation of TTC was substantially enhanced in ASW compared to Milli-Q water (Fig. 8) . ( Fig. 8) TTC has a strong tendency to complex with metal ions in aqueous solution, which remarkably influence its environmental fate [10, 13] . Solution pH is an important factor determining the speciation of TTC and its complexation [10, 13] . It has been reported that HTTC -and TTC 2-are two species of TTC that can complex with Ca 2+ and Mg 2+ in hard waters [13] .
Werner et al. have proposed that the complexation of TTC with metal ions can change the macroscopic acid-base dissociation constants [13] . The increased TTC acidity due to complexation with metal ions led to the formation of more deprotonated, non-dissociated form of TTC, which was found to be more reactive for SR attack (Fig. 3) . The increased degradation of TTC in ASW may also be explained by the formation of secondary reactive species such as CO 3 
These secondary reactive species are generally less reactive than SR or HR, and only reactive with electron rich compounds. However, since TTC possesses conjugated ring system with high electron density and the steady-state concentrations of secondary reactive species are usually high, it is reasonable that these species might contribute largely to the degradation of TTC. However, additional experiments are needed to fully elucidate the underlying mechanisms leading the observed fast degradation of TTC in ASW. (CTC). For TTC, pK a is 3.3, 7.7 and 9.7, corresponding to the tricarbonylamide, dimethyl amino and phenolic-diketone group [7, 8] , respectively. Error bars represent 95% confidence intervals of replicates (n =2). 
